Comfrey, a medicinal herb with healing properties that are attributed to allantoin, was studied in this work. The accumulation and metabolism of allantoin (ALN) and its degradation product, allantoic acid (ALA), were examined. ALN was the main ureide in leaves and roots, with young leaves showing the highest content. ALA was the predominant ureide in the xylem sap, and together with ALN represented 27% of the nitrogen (N) transported in the xylem. Amino acids were the most abundant Ncompound in the xylem sap with a high proportion of glutamine. [ 14 C]Xanthine feeding experiments showed that ALN and ALA were actively formed in leaves and roots by degradation of xanthine. Both xanthine and uric acid were rapidly degraded to form ALN and ALA. Enzyme studies showed that calculated V max /K m are low for allantoinase and alantoicase, supporting the results from the feeding experiments, and indicating that accumulation of ALN in comfrey is due to a low capacity for the enzymatic degradation of ureides.
Ureides are cyclic or acyclic organic compounds structurally derived from xanthine [1] . Among the ureides, allantoin (ALN) and its degradation product, allantoic acid (ALA), have been the most intensively studied, due to their participation in the nitrogen (N) economy of plants, mainly nodulated legumes [1] . Compared with the amino acids transported in the xylem sap, ALN and ALA have a N:C ratio of 1:1, which enables these compounds to play an important role in the storage and transport of N in plants. In nodulated tropical legumes, ALN and ALA are synthesized in the nodules and transported to the other parts of the plant via xylem, where they may account for 50-99% of the organic N in the sap [1, 2] . In nodulated soybean, ureides are the main N compounds responsible for sustaining seed growth [2] [3] [4] .
The major route for ALN biosynthesis is the purine oxidation pathway. It was suggested that ALN synthesis might also be related to the catabolism of nucleotides and nucleic acids [5] ; however, in nodules, evidence indicates that ureides result from the "de novo" biosynthesis of purines [6] . Xanthine is formed from purines (adenine and guanine) and its oxidation to uric acid is mediated in plants [7] by xanthine dehydrogenase (XDH, EC 1.2.1.37). Uric acid is then converted to ALN by at least three enzymes [8, 9] , including uricase (EC 1.7.3.3), which in turn is hydrolysed to ALA by allantoinase (EC 3.5.2.5). In bacteria, fungi, algae and animals, ALA can be degraded by two enzymes, allantoate amidohydrolase (EC 3.5.3.9) and allantoate amidinohydrolase (EC 3.5.3.4), both enzymes producing ureidoglycolate [10, 11] . In the alga Chlamydomonas reinhardtii, allantoicase activity was responsible for the degradation of ALA to (-) ureidoglycolate and of (+)ureidoglycolate to glyoxylate, in both cases releasing urea [12] . Degradation of ureidoglycolate by ureidoglycolate urea-lyase has been demonstrated in chick pea [13] and recently in French bean [14] . Ultimately, ALA is degraded to NH 4 , CO 2 , and glyoxylate, followed by NH 4 incorporation into amino acids [15] . Figure 1 shows the suggested catabolic pathway for xanthine and ureides in plants [15] . ALN and ALA have been found in a number of plants and tissues, from herbaceous to woody species [1, 16] . However, most of the knowledge of their metabolic control, enzymes and respective molecular characterization comes from studies on nodulated tropical legumes, for obvious economic reasons, since fixation of N 2 by symbiont bacteria may even replace N-mineral fertilization, as is the case of soybeans in Brazil [17] . Currently, several genes coding for the enzymes involved in the biosynthesis of ALN and ALA have been cloned and characterized [18] [19] [20] . While in nodulated legumes the metabolic role of ureides is well established, in non-legume plants their role and importance in N metabolism is still uncertain. Recently it was shown that Arabidopsis plants can complete the life cycle and produce seeds when supplied with ALN as the only source of N. However, the plants were typically characterized as N-deficient, presenting limited growth [21] . Soybean [22] and coffee [23] cell cultures can also use ALN as a N source.
ALN and ALA were found in the xylem sap of 23 species of dicots and in one species of monocot, but in only four species were they the major form of Ncarrying organic compounds [24] [25] [26] . Although several non-legume species contain ureides, these studies were limited to detection and distribution in different tissues. To our knowledge, metabolic studies on the control of contents of ALN and ALA are even rarer, restricted to yam and sweet potato [27] , and the alga C. reinhardtii [28] .
Comfrey (Symphytum officinale L.) is a medicinal herb that is principally known for its healing properties. It has been used for the treatment of broken bones, tendon damage, ulcerations in the gastrointestinal tract, lung congestion, wound healing and/or to reduce joint inflammation [29] . Together with rosmarinic acid and mucilages (polysaccharides), ALN has been indicated as the compound responsible for the pharmacological effects and clinical efficacy of comfrey preparations used in topical applications [30] . ALN is used for skin protection and, therefore, it has been included as an ingredient of several cosmetic products and antiulcer drugs [31] . The ALN content in creams, shampoo soaps and lipsticks is usually 0.2%, and in pharmaceutical products it varies from 0.5 to 2% [31] . Consequently, comfrey has been added to herbal products for dermatological use [32] . ALN in comfrey roots may vary from 7 to 25.5 mg/g, while in the leaves the content is approximately 1 mg/g [30] .
To our knowledge, metabolic studies on ALN biosynthesis in comfrey were only carried out in the 1960s, by Reinbothe, Butler and co-workers [1] , in a series of studies where roots were fed with either [ 14 C] labelled precursors (glycine, adenine, hypoxanthine) or exposed to 14 
In these experiments, the 14 C isotope radioactivity was found in ALN.
Because of this lack of information, the aim of the present work was to study the metabolic control of ALN biosynthesis in comfrey. The content of ALN and ALA was measured in leaves, roots and xylem sap. Roots and leaves were also fed with [ 14 C]xanthine and the radioactivity in the metabolic intermediates was determined. Additionally, the activities of the enzymes XDH, uricase, allantoinase and ALA-degrading enzyme, as well as their K m s, V max and responses to the presence of organic compounds and ions in the enzyme assays, were investigated.
The present work was carried out during the summer season while the comfrey plants were in the vegetative stage. Our results determined that ALN was always higher than ALA in the leaves and roots of comfrey ( Figure 2A ). Young leaves showed the highest contents of both ureides, but ALN concentration was by far higher than that of ALA. ALN was detected in the roots of comfrey in similar amounts to those previously reported in the literature [30, 33] . Sousa et al. [30] reported values of ALN from 7 to 25.5 mg/g. Mothes [33] summarized a series of experiments carried out with comfrey and showed that ALN in the roots varied according to the developmental stage of the plant. The highest contents were observed during the vegetative stage (~20 mg/g) reaching the lowest values (~0.1 mg/g) during the fruit growth.
In contrast to Sousa et al. [30] , who reported that comfrey leaves have low ALN content (1 mg/g), we measured values even higher than those found in roots. Young leaves showed ~130 mg/g while adult leaves had ~20 mg/g ( Figure 2A ). In disagreement with our results, higher contents of ALN and ALA were found in roots of comfrey by Teixeira and Duarte [34] . These authors measured values ranging from 2.6 to 7.8 mg/g dry weight in leaves and 13.2 to 17.7 mg/g dry weight in roots. We believe that this difference might be due to the material used in the analyses, that is, Teixeira and Duarte [34] and Sousa et al. [30] mixed all the leaves of a plant to perform the extraction and ureide analyses. As we observed here for comfrey and also as previously shown for soybean [16] and Phaseolus [35] , there is a lower ureide content in old leaves. In addition, most of the studies in comfrey roots were carried out with the storage root, that is, the main root, while here we analyzed the secondary roots. However, our data are in agreement with Teixeira and Duarte [34] and Sousa et al. [30] regarding the predominance of ALN over ALA in comfrey tissues.
Although green tissues also have the ability to synthesize ureides, it has been suggested that biosynthesis is more intense in the roots and that ALN and ALA are transported to the leaves where they are degraded, thereby releasing the N for the amino acid synthesis [1, 16] . Ureides are found in the xylem of several plants and in non-legume plants.
The amount of N allocated to these compounds may represent a significant fraction of the total organic N transported by the xylem sap [1] . Together, ALA and ALN accounted for 27% of the organic N (amino acids and ureides) in the xylem of comfrey ( Figure  2B ). However, when considering the N-NO 3 this value falls to 20%.
In the amino acid fraction, glutamine represented 88.8% of the N-amino acid fraction (Table 1) . This amino acid is usually the most abundant in the xylem sap of non-nodulating plants and it has been suggested that the amount of nitrogen transported as amino acids relative to NO 3 indicates the rate of NO 3 assimilation in relation to the shoot [36] . Therefore, assimilation of NO 3 in amino acids seems to predominate in the roots of comfrey.
Although there was not a predominance of ureides in the N compounds in the xylem, ureides seem to represent a significant part of the N transported to the leaves. Ureide content in the storage roots varies throughout the developmental stages of comfrey [33] . Therefore, it is possible to conclude that there is also an annual variation in the ureide concentrations in the xylem sap of comfrey, with changes in the relative importance of ureides as N-transporting molecules.
The xylem sap analysis also revealed that N-ALN was approximately 10 times less abundant than ALA ( Figure 2B ). ALA is the predominant ureide in the xylem sap of several legumes and this might be a function of its high solubility [35, 37, 38] . In the nodules of legume plants, uric acid is produced in cells infected by bacteria and then transported to uninfected cells where it is converted to ALN and ALA [6] . This has been correlated with high allantoinase activity and a lack of allantoicase activity [1] . It is interesting to observe that the concentration of ureides in the roots was not reflected in the xylem ( Figure 2 ). Roots showed more ALN than ALA, while the opposite was observed in the xylem. Herridge et al. [35, 37, 38] also did not observe a correspondence between the ureide composition of the xylem and nodule sap with the root content. Bleeding sap from the nodules produced 6 and 10 µmol/mL sap, and bleeding sap from roots had 2 and 3 µmol/mL sap of ALN and ALA, respectively. However, while ALN and ALA were found in similar concentrations in the stem plus petiole, ALN predominated in the roots and in all other organs analyzed. Amino acids also showed a significant variation in terms of composition and concentration between roots and xylem sap in soybean [39] . These differences between ureide concentration in the roots and xylem might be explained by the pool size of each compound in the roots and the rate at which they are transported to the apoplast and loaded into the xylem following the transpiration stream.
Here we used adult leaves and secondary roots in [ 14 C]xanthine feeding experiments in order to study the biosynthesis of ALN. In every step of these experiments, aliquots were taken in order to monitor the distribution of the radioactivity in the medium and in the tissues as well as the radioactivity released as 14 CO 2 by the tissue metabolism. Roots ( Figure 3A ) were less efficient than leaves ( Figure 3B ) in the metabolism of xanthine, as demonstrated by the release of 14 CO 2 and the radioactivity of the incubating medium. It is interesting to observe that despite a similar amount of radioactivity absorbed by roots and leaves, the medium used in the experiment with leaves showed a higher reduction in radioactivity, indicating that there was a continuous metabolic flow through this tissue and, therefore, a higher capacity for xanthine degradation.
Xanthine was rapidly converted to ALN and ALA in the roots and leaves of comfrey ( Figures 3C and D) .
In both tissues, low radioactivity was found in uric acid, indicating its rapid hydrolysis to ALN. However, in the roots, more radioactivity was found in ALN and ALA. Together, this information and the data from the 14 CO 2 release indicate that degradation was faster in leaves than in roots.
The fastest decrease of [ 14 C]xanthine content in the leaves is correlated with the highest content of ureides in the leaves, as ureides are formed through purine degradation [40] .
To our knowledge, no feeding experiments using [ 14 C]xanthine have been carried out with legume plants (nodulated or non-nodulated) in order to study ureide biosynthesis. [ 14 C]Xanthine feeding studies with fruits and leaves of coffee (Coffea arabica) showed incorporation of radioactivity in ALN and ALA [41] . Radioactivity was not observed in uric acid. However, fruits and leaves of C. dewevrei, a coffee species that has a faster caffeine degradation rate than C. arabica, accumulated higher amounts of radioactivity in ureides and in uric acid [42] . With maturation there was a decrease in the radioactivity of ureides and an increase in uric acid. In the same study, XDH and uricase activities were determined, and correlated well with the feeding experiment data, suggesting that accumulation of ureides in coffee was due to a combined fast caffeine degradation rate coupled with a low capacity to degrade ureides.
In animals, xanthine can be catabolized by dehydrogenase activity as well as by oxidase activity. So far, only dehydrogenase activity (NAD + dependent) has been found in plants [7] and a mechanism of inter-conversion between the two forms has only been observed in animals [43] . In several plants, XDH was confirmed as the enzyme responsible for xanthine catabolism in coffee, participating in purine metabolism [44] . XDH is also involved in the degradation of caffeine, since xanthine is formed from this alkaloid by three successive demethylating steps [45] . XDH contains a molybdenum cofactor [44, 46] whose role seems to be related with the stability of the dimeric structure of the enzyme [47] .
Higher XDH activity was observed in the roots of comfrey (Figure 4 ), but Mo 6+ induced a greater increase of enzyme activity in the leaves. The K m determined for leaves (311 μM) was almost five times greater than that of the roots (58 μM), indicating that xanthine appears to be more efficiently degraded in the roots. These K m values may be considered high compared with the 5 μM of a purified XDH reported from soybean, [48] and the report of 4.8 µM of a partially purified XDH from Phaseolus [49] , but lower than the 1.05 mM obtained with crude protein extracts from lentil [49] . In agreement with XDH from other plants [49] , a strong inhibition by high xanthine concentration (1.4 mM) in the assay mixture was also observed (data not shown).
Uricase has a high affinity for its substrate, uric acid. Uricase from soybean nodules and radicles showed K m values of 8 µM and 0.56 µM, respectively [50] . [52] . Uricase from other plant sources also have high affinity for uric acid [1] .
In the present work, uricase activity was higher in the roots of comfrey but the K m values for each tissue were similar (0.35 µM for leaves and 0.46 µM for roots). This is in agreement with the low radioactivity found in uric acid in the [ 14 C]xanthine feeding experiments, indicating that uric acid is indeed rapidly converted to ALN.
Plant uricases are known to be inhibited by several compounds, such as xanthine, ALN and chelating agents [1, [50] [51] [52] [53] . The uricase from leaves and roots of comfrey showed a similar response to inhibition by xanthine, EDTA and phenanthroline; however, it was stimulated by ALN ( Table 2 ). EDTA and phenanthroline chelate bivalent cations and the observed inhibition is probably related to the presence of Cu 2+ in the enzyme structure [54] . Therefore, the activation by Cu 2+ , as we observed here, might be expected. Fe 3+ also increased the uricase activity of comfrey roots and leaves, as observed for purified uricase from cowpea [55] .
Allantoinase controls the level of ALN in tropical legumes and other nodulating plants. Although it has been detected in several plant species and tissues, there is still little information available on this enzyme [1] . Two isoforms of allantoinase were purified from soybean [56, 57] , and recently, two other isoforms were purified from French bean [58] . Internal amino acid sequences obtained for one of the isoforms from French bean are found in the translated protein obtained from cDNAs coding for allantoinase isolated from Arabidopsis and Robinia [20] . Compared with XDH and uricase, allantoinase has a high K m . K m values have been reported to range from 10 mM in the partially purified enzyme of soybean shoot tissues up to 20 mM in the soybean nodule enzyme (reviewed in [1] ). Purified allantoinase from soybean nodules and cotyledons showed K m values of 17.3 and 24.4 mM, respectively [56, 57] , while even higher K m s were found for two allantoinases purified from French bean, 59 and 66 mM [58] . We also found high K m values for comfrey allantoinase.
Leaves showed a K m of 12 mM, and roots of 5.1 mM.
Comfrey roots showed almost double the allantoinase activity of leaves, and both activities were inhibited by Co 2+ , Cu 2+ , Mn 2+ and Fe 3+ (Table 3) .
Allantoinase from roots was more sensitive to these ions than leaves. Inhibition by these ions was also observed with purified French bean allantoinases [58] . Schubert and Boland [1] reported that allantoinase from soybean nodules does not require metal ions for activity. An apparent need of Mn 2+ for enzyme activity in Vigna radiata seedlings was suggested to be a protective mechanism against either proteolysis or inactivation by heat [59] . Heat stability was observed for allantoinases from soybean [56] and French bean [58] . In Phaseolus, Mn 2+ was also suggested to maintain the stability of the enzyme [60] . Allantoinase from V. radiata [59] and from Dolichos biflorus [61] also showed inactivation by Cu 2+ , but no effect with Mg 2+ . Co 2+ had a stimulating effect on the activity of allantoinase from Lathyrus sativus [62] . Raso et al. [58] treated two purified allantoinases with EDTA and observed between a 40 and 50% decrease of activity. Partial restoration of activity of both isoforms was observed only with Mn 2+ and Fe 2+ , while Ca 2+ partially restored activity of one isoform and Mg 2+ partially restored the other. The only protein displaying ALA-degrading activity was purified to electrophoretic homogeneity from the alga C. reinhardtii, and was characterized as an amidinohydrolase [63] . Several results indicate that amidohydrolase activity is responsible for ALA degradation in plants. In vitro activity of ALAdegrading activity was first determined in soybean [64, 65] and a recent study showed that in French bean, an ALA amidohydrolase dependent on phenylhydrazine is responsible for ALA degradation [66] , confirming previous results with soybean [10] . Additionally, complementation of the Saccharomyces cerevisae mutant (dal2) was unable to degrade ALA, and it was shown that cDNA isolated from A. thaliana was functional for ALA amidohydrolase activity [67] . It seems that degradation of ALA by ALA amidohydrolase proceeds in the peroxissome after the biosynthesis of allantoin [68, 69, 70] .
The ALA-degrading activity in comfrey extracts was higher in roots, almost double that of the value found in leaves ( Table 4 ).
The allantoicase from comfrey was stimulated by Mn 2+ and Mg 2+ . It has been shown that Mn 2+ is essential for the activity of ALA degradation from soybean [65] . Raso et al. [66] partially purified a protein with the ability to degrade ALA from French beans, which was dependent on phenylhydrazine. The characterization of the activity led the authors to suggest that the enzyme was an amidohydrolase. In their study, the purified enzyme was treated with the metal chelator (EDTA) and then incubated with different metals for either 90 min or 72 h before being assayed without the presence of Mn 2+ . The best recovery of activity was observed with Mn 2+ in protein extract incubated for 72 h, although Mg 2+ had also restored activity to a lower level after 90 min.
Cu 2+ and Fe 2+ was able to restore some of the activity, but only after 72 h. The ALA-degrading activity from C. reinhardtii was not affected by Ca 2+ and Mg 2+ [63] , while we observed an inhibition by Ca 2+ and a stimulation by Mg 2+ . Therefore, although speculative, the activation by Mg 2+ , and particularly Mn 2+ , suggest that an ALA amidohydrolase is functional in comfrey.
The K m values obtained for the enzyme responsible for ALA degradation in comfrey leaves and roots were 2.27 mM and 0.83 mM, respectively. The K m values for allantoicase from C. reinhardtii, peanuts (Arachis hypogaea) and soybean seed coats were 2 mM [63] , 0.85 mM [71] and 1 mM [65] , respectively. To our knowledge, these are the only data from plants. Table 5 shows the K m and V max values for the four studied enzymes and the calculated ratio, V max /K m , which better describes enzyme efficiency.
From the feeding experiments, we concluded that roots were more efficient at degrading [ 14 C]xanthine, as more radioactivity was found in ureides and CO 2 . Additionally, less ureides were found in roots. The V max /K m values seem to confirm these data, since they were greater in roots; however, alantoinase and allantoicase showed smaller values than XDH and uricase, which would favor ureide accumulation in this tissue. The V max /K m values in leaves were also smaller for alantoinase and allantoicase than those found for XDH and uricase. In both tissues, uricase showed the greater ratio, explaining the low radioactivity found in uric acid in the feeding experiments.
Therefore, coordinated control of the ALN content in comfrey is regulated by XDH, allantoinase and allantoicase. Further studies on these enzymes at the biochemical and molecular levels might clarify whether isoforms are controlling the ureide biosynthesis in roots and leaves of comfrey and indicate how to biotechnologically manipulate ureide contents to increase comfrey's presence in the cosmetic industry as a source of ALN.
Experimental
Plant material: All plants used in this study were obtained by vegetative propagation from a single plant growing outdoors at the Department of Plant Physiology at State University of Campinas (Unicamp). This plant was obtained from a living collection at the Centro de Pesquisas Químicas e Biológicas na Agricultura at Unicamp. Vegetative buds were removed from the leaf insertion sites and transferred to small plastic vases (100 mL) containing vermiculite. Twice a week the buds received 25 mL of nutritive solution [72] , and when two leaves had developed they were transferred to 2 L plastic pots containing a mixture of soil and sand (1:1, v/v). Twice a week the plants received 100 mL of nutritive solution until they were 1 year old.
Extraction and determination of ALN and ALA:
ALN and ALA contents were measured in young (<10 cm long) and adult (>25 cm) leaves and secondary roots. The roots were collected and washed in running tap water before extraction. Leaves and roots were cut into small pieces, freezedried and extracted with cold (4 o C) 75% ethanol, using a homogenizer (Politron, Kinematica GmbH). Aliquots were transferred to 1.5 mL plastic tubes and centrifuged in a bench-top centrifuge (14,000 rpm, 15 min, 4 o C). The supernatant (0.5 mL) was recovered, dried in a Speed Vac (Savant) and the residue dissolved in the same volume of distilled water. Ureides were measured by colorimetry [73] . Five replicates were used to measure ALN and ALA in comfrey.
Analysis in the xylem sap:
To collect the xylem sap, plants were maintained overnight under water excess (a plastic dish was placed under each vase and filled with water). In the morning, a young leaf was removed with a razor blade: the cut was washed with distilled water, quickly dried with filter paper and the sap exudates collected with a capillary tube. Amino acid [74] and NO 3 - [75] contents were determined in the sap. Amino acid composition was determined by reversed phase high performance liquid chromatography (RP-HPLC), after derivatization with O-phtalaldehyde [76] . Ureide content was analyzed by RP-HPLC using a C 18 column (Hypersil ODS 5 μm, 250 mm x 4.6 mm, Supelco), and 0.5% acetic acid as eluent, at a flow rate of 0.8 mL/min. ALN was detected at 235 nm and ALA at 270 nm. Xylem sap collections were made with leaves from five comfrey plants.
Metabolism of [2-14 C]xanthine in leaves and roots:
Secondary roots were washed under running tap water and then with distilled water. They were quickly blotted dry, weighed and approximately 100 mg were placed in a Warburg flask containing in the external reservoir 4.3 million DPM [2-14 C]xanthine (1.94 Gbq/mmol, Sigma, St. Louis, USA) diluted in 20 mM Na-phosphate buffer, pH 6.5, containing 10 mM sucrose. In the reservoir in the centre of the flask, a 1 cm 2 filter paper wetted with 250 µL hyamine hydroxide was placed to capture 14 CO 2 . The flasks were closed with a plastic cork and maintained in the dark, at 25 o C. Roots were collected after 6, 12, 18 and 26 h of incubation. Five flasks were collected for each period. After root collection, 100 µL of the incubating solution was reserved for determination of radioactivity. The roots were frozen (-20 o C) for further metabolite extraction. The flasks were closed again and with a syringe 100 µL 6 N HCl was injected in the external reservoir to release 14 CO 2 in the remaining incubating solution. After 1 h, the radioactivity in the filter paper wetted with hyamine hydroxide placed in the internal reservoir was determined. It was transferred to a scintillation flask, and after addition of 1 mL methanol and 5 mL scintillation liquid the radioactivity was determined in a scintillation counter for 5 min.
A similar procedure was carried out with leaves. Adult leaves (>25 cm length) were collected, washed in running tap water, distilled water, blotted dry and then sliced in 1-2 mm strips (2 cm long), with a razor blade. Ten of these strips (approximately 100 mg) were placed in the external reservoir containing 4.5 million dpm [2-14 C]xanthine. Because of the leaf hairs, a drop of Tween 20 was added to the incubating solution to improve the contact with plant tissue. Incubation was carried out under constant laboratory light. All the following procedures were the same as for roots. The feeding experiments were carried out with leaves and roots collected from five comfrey plants.
[2-14 C]Xanthine catabolites were extracted with 80% methanol containing 25 mM DIECA and 5 mM EDTA in a mortar. The extract was centrifuged (10,000 rpm in a bench top centrifuge, 10 min) and the recovered supernatant dried in a Speed Vac (Savant). The dried material was dissolved in 1 mL distilled H 2 O and the radioactivity was determined in a 25 µL aliquot. A 250 µL aliquot of the remaining extract was sequentially chromatographed in 1 mL bed volume minicolumns of Dowex 50 (form H + ) and Dowex 1 (form OH -) [77] . Dowex 50 retains xanthine and ALN, while Dowex 1 retains ALA and uric acid. The extract was passed through the Dowex 50 minicolumn and the eluate and two 2 mL H 2 O washings were pooled and applied onto the Dowex 1 minicolumn. This column was washed twice with 2 mL H 2 O. Xanthine and ALN were recovered by washing the Dowex 50 column with 2 mL 4 N NH 4 OH, and ALA was recovered from the Dowex 1 column with 2 mL 8N formic acid. The eluates from these columns were dried in a Speed Vac, dissolved in 250 μL H 2 O and reserved for further analysis with RP-HPLC. Radioactivity was determined in 25 μL aliquots in all purification steps. The RP-HPLC conditions used to analyse the compounds were the same as those described for ureides. Xanthine and ALN (5 µg) were added to 100 µL of each sample and the elution monitored at 235 nm. For uric acid and ALA separation, 5 μg of each compound was added to 100 µL of each sample and the detection was at 270 nm. The peaks of these substances detected in the UV monitor were collected in scintillation flasks, freeze-dried and the radioactivity determined after addition of scintillation fluid.
Enzyme activity studies:
To measure xanthine dehydrogenase (XDH) activity in leaves and roots, the plant material was ground in liquid N 2 and proteins extracted with 50 mM Na-phosphate buffer, pH 7, containing 10 mM 2-mercaptoethanol, 5 mM EDTA and PVPP (1/10 sample weight). The extract was centrifuged (18,000 x g, 15 min, 4 o C), and the supernatant filtered in a mini-column PD-10 Sephadex G25 (LKB-Pharmacia). Proteins were eluted from the column with 50 mM Na-phosphate buffer, pH 7. The reaction mixture contained protein (50 µg for roots and 200 µg for leaves), 0.5 mM xanthine, 2 mM Na 2 MoO 4 , 0.2 mM NAD and 50 mM Na-P buffer, pH 7, in a final volume of 1 mL. The reaction started with addition of xanthine and the formation of uric acid was recorded every 30 s for 2-3 min at 293 nm. Mo, as a cofactor, was tested omitting this element from the reaction mixture. The K m was determined in the root and leaf extracts by varying xanthine from 0.05 to 1.2 mM in the reaction mixture.
Uricase was extracted with 50 mM Na-phosphate buffer, pH 7.5, containing 10 mM KCl, 10 mM Allantoin accumulation in Symphytum officinale Natural Product Communications Vol. 3 (9) 2008 1419 EDTA, 5 mM DTT, and 20 % PVPP (w/w). The extract was centrifuged (10,000 g, 15 min, 4 o C) and desalted in a mini-column PD-10 Sephadex G25 (LKB-Pharmacia). Previous tests showed that uricase from the roots showed best activity at pH 7, while pH 9.5 was determined for leaves (data not shown). Therefore, proteins of root and leaf extracts were eluted from the columns with 50 mM Naphosphate buffer, pH 7, and 50 mM Tris-HCl, pH 9.5, respectively. The reaction mixture contained 50 mM buffers, at respective pHs, protein (50 µg) and uric acid (100 µM for leaves and 50 µM for roots), in a final volume of 1 mL. The decrease of uric acid was followed at 293 nm every 30 s after addition of protein. The K m was determined in the root and leaf extracts by varying uric acid in the reaction mixture from 1 to 125 µM. Several compounds and ions were incorporated in the reaction mixture to study their effects on the activity of uricase.
Allantoinase was extracted from roots and leaves with 50 mM Na-phosphate buffer, pH 7, containing 10 mM EDTA and 20% PVPP (w/w) [78] , centrifuged (10,000 g, 15 min, 4 o C) and desalted in mini-columns of PD-10 Sephadex G25 (LKB-Pharmacia). Previous tests showed that allantoinase from the roots showed best activity at pH 10, while from the leaves the best activity was observed at pH 9 (data not shown). Therefore, proteins of root and leaf extracts were eluted from the columns with 50 mM Tris-HCl at pH 10 and pH 9, respectively. The enzyme assay contained 15 mM ALN, protein (50 -100 µg) and 50 mM TRIS-HCl buffer (pH 10 for roots and 9 for leaves) in a final volume of 1 mL. Incubation was carried out at 37 o C and 200 µL aliquots were collected every 15 min for determination of ALA, after acid hydrolysis [73] . The K m was determined in the root and leaf extracts by varying uric acid in the reaction mixture from 0.5 to 30 mM. Different ions were incorporated in the reaction mixture to study their effects on the activity of allantoinase.
The enzyme responsible for ALA degradation was extracted with 200 mM Na-phosphate buffer, pH 7, containing 20% PVPP (w/w), centrifuged (10,000 g, 15 min, 4 o C) and desalted in mini-columns of PD-10 Sephadex G25 (LKB-Pharmacia). Previous tests showed that leaves had best activity at pH 7, while roots had best activity at pH 8. Therefore, proteins were eluted from the column with either 50 mM Na-phosphate buffer, pH 7, or Tris-HCl, pH 8. The enzyme assay contained 3.5 mM ALA, 50 -100 µg protein and the buffers at the best pH for roots and leaf extracts, in a final volume of 1 mL. Every 15 min a 100 μL aliquot was removed from the reaction for measurement of the glyoxylate formed from ALA [73] . The K m was determined in the root and leaf extracts by varying uric acid concentration in the reaction mixture from 0.1 to 7 mM. Different ions were incorporated in the reaction mixture to study their effects on the ALA-degrading activity.
Protein determination: Protein contents in the extracts were measured using a ready-to-use reagent from BioRad [79] .
